The consensus sequence of E.coli promoter elements was determined by the method of random selection. A large collection of hybrid molecules was produced in which random-sequence oligonucleotides were cloned in place of a wild-type promoter element, and functional -10 and -35 E.coli promoter elements were obtained by a genetic selection involving the expression of a structural gene. The DNA sequences and relative levels of function for -10 and -35 elements were determined. The consensus sequences determined by this approach are very similar to those determined by comparing DNA sequences of naturally occuring E.coli promoters. However, no strong correlation is observed between similarity to the consensus and relative level of function. The results are considered in terms of E.coli promoter function and of the general applicability of the random selection method
INTRODUCTION
The relationship of genetic structure to function is especially important in the understanding and prediction of a biological phenotype. By comparing several genetic elements required for a given function, an understanding of the sequence requirements for that function can be established. Commonly found aspects of a genetic element are said to form a consensus.
Consensus sequences have been defined in two ways. One approach compares those naturally occuring DNA sequences that are believed to encode a particular genetic function. The other method is to generate many mutations of an individual genetic element. Each approach has inherent advantages, limitations and biases.
The characterization of enough wild-type elements in order to accurately define a consensus can be prohibitive. Such elements are inherently biased toward the systems that have been chosen for study and may not accurately reflect the sequence distribution found in nature. The use of wild-type elements can also be misleading because the circumstances surrounding each element are varied. If elements from different organisms or from different genetic positions within the same organism are compared, the contextual differences can have a significant effect on the ability of these elements to function. It is very difficult to assess the relative effects of these various influences.
If a consensus is defined by making many mutations of a single element, the context of each element being compared is controlled. However, the generation of those mutants can be A.
----1-2-----2---------3-----4---FUNCTIONAL
B. (2, 3) .
----1-----ABCTPFGHIJKL-----3-----4---NEW ----1----ABCZRFGOTJKL----3-----4---ELEMENTS ----1----ABCQSFGHIJKL----3-----4---
In this paper, we select functional -10 and -35 promoter elements of E. coli from random DNA sequences. A consensus of these selected elements is similar to the consensus derived from naturally-occurring promoter elements (4, 5) . This similarity demonstrates the ability to select functional elements from random-sequence DNA that are representative and descriptive of wild-type genetic elements.
MATERIALS AND METHODS
Svnthesis and cloning of random seguence oligonucleotides Oligomers were synthesized by Alexander Nussbaum using the phosphite triester method on an Applied Biosystems DNA synthesizer. The random-sequence oligonucleotide was generated by using an equal mixture of all four nucleotide precursors and by omitting the capping reaction after each of the central steps. This modification improves the yield because oligonucleotides that fail to react at a given step remain active and can react at subsequent steps; it also results in oligonucleotides that are heterogeneous in length.
Oligonucleotides were cloned after conversion to the double stranded form by mutually primed synthesis (6; see Fig. 2 gene by using mutually primed synthesis to create a double-stranded version of the oligonucleotide 5'-CGCGAATTCCCATTATAGAGCTCT-3'. The construction of a vector for the selection of -10 elements (mpl9-Sc5014, Fig. 3A ) was done in a similar manner except that the EcoRI site of the original vector was deleted and a functional -35 element was inserted between the Sail and BamHI sites by cloning 5'-CGCGTCGACCATTCTTGACAGGATCCT-3' by mutually primed synthesis.
Libraries containing random sequence DNA were made by ligating 5 jg of each vector cut with BamHI and SacI and the oligonucleotide 5'-GGCGGATCC . N2 5 . CGAGCTCG-3' that had been prepared as described by mutually primed synthesis (Fig. 2) . As the yield of double-stranded DNA was somewhat variable, the amount of insert to be added to a given amount of vector was determined empirically in order to opfimize the ligation reaction. The ligation products were introduced into E.coli by standard techniques to generate libraries of 500,000 independently derived phage. After transformation the cells were grown at 370C for 4 hours, and the resulting phage were isolated by precipitation in polyethylene glycol. Selection for functional promoter elements
Phage libraries for the selection of functional promoter elements were used to infect E.coli KC5, an F+ derivative of hisB463 (7) at a multiplicity of infection of 5-10. Infected cells were spread on agar plates containing glucose-M9 minimal medium with aminotiazole and incubated for two days at 370C. Phage obtained from these colonies were cross-streaked with fresh E.coli KC5 cells to ensure that cell growth was phage dependent. After plaque purification, single-stranded phage DNA was prepared and subjected to DNA sequence analysis by the chain ternination method (8) . Relative resistance to aminotriazole was determined by patching cells on minimal media plates containing 20, 30, 40, and 50 mM aminotriazole.
RESULITS
The method of random selection is applicable to any genetic element that confers a phenotype that is subject to a selection or screen. Random-sequence oligonucleotides can be generated by using equal mixtures of the four nucleotide precursors at each step of the chemical synthesis. However, standard methods of cloning these oligonucleotides (9, 10) because the heterogeneity of random-sequence DNA, does not allow the generation of a complementary template. To clone random-sequence oligonucleotides with the high efficiency necessary for large libraries, the method of mutually primed synthesis has been developed (6) . In this paper, we cloned oligonucleotides containing 25 base pairs of random-sequence DNA flanked by BamHI and SacI sites as described in Fig. 2 .
As an initial application of the random selection method, the -10 and -35 elements of the E. coli promoter were chosen because the results could be compared to the many wild-type examples known (4, 5) and because of the availability of a simple genetic selection for obtaining functional elements. Interpretation of wild-type promoters requires the positioning of both the -10 and -35 elements and an analysis of their relative contributions to overall promoter strength. When different wild-type promoters are compared, expression levels can not be attributed solely to the -10 or -35 sequences as both will vary. To avoid these complications functional -35 and -10 sequences were included in two different vectors (Figs. 3A,4A ) allowing an independant study of the two components of the promoter. Selecting for only one of the elements at a time greatly simplifies the interpretation of the experiment. The sequence and position of the element under selection can be studied without sequence or position variation of the other.
In each vector, the double-stranded version of the random-sequence oligonucleotide was inserted in an M13 vector between BamH and Sacl sites upstream of the his3 gene. The use of an M13 vector allows for rapid sequencing of the resulting hybrids. A collection of 500,000 phages was then produced from each vector by transformation of E.coli. In order to assess the base composition of the inserted oligonucleotide, seventeen of these clones were sequenced without selection, yielding a total of 87 G's, 103 C's, 105 T's, 93 A's and showing no significant deviation from a random distrbution of nucleotides.
The genetic selection requires the expression of the yeast his3 gene which encodes the enzyme imidazolglycerolphosphate dehydrogenase. Although his3 is derived from a eukaryote, its expression pernits E.coli containing the hisB463 mutation to grow in the absence of histidine (7) . To obtain functional elements, KC5 (hisB463 F+) cells were infected with the M13 phage library containing the his3 gene and potential promoter sequences and selected for growth on minimal media containing aminotriazole, a competitive inhibitor of IGP dehyratase. Phage were isolated from the bacteria that passed the selection, plaque purified and sequenced. As expected, the frequency of phages passing the selection decreased as the selective pressure was increased by using higher concentrations of aminotriazole. Under the most stringent conditions (50 mM aminotriazole), approximately 10-4 of the phage were able to pass the selection.
As the degree of aminotriaole resistance is related to the level of his3 expression (11), it is possible to rank the promoter elements according to their relative levels of function. For this purpose, phage were again infected into E.coli KC5 and the cells assayed for growth in various concentrations of aminotriazole. The sequences of these clones are presented in Figs. 3C and 4C and ordered according to the cells' relative aminotriazole resistance. The central six nucleotides The top group is resistant up to 50 mM aminotriazole, and the remaining groups up to 40, 30 and 20 mM respectively. Liklihood scores representing the extent of similarity to the wild-type consensus matix and spacing of elements were calculated as described by Staden (12) except that only the 6 most conserved positions of the element were used and all nucleotide frequencies were divided by 0.25 such that random sequences will score an average of 0. Positive scores indicate more similarity to the consensus matrix and negative scores indicate less similarity.
A. representing the genetic element in Figs. 3 and 4 were selected by the method of Staden (12) .
A compilation of genetic elements can be represented as a matrix listing the number of occurrences of each nucleotide in each position of the element (4, 5) . The frequency of each nucleotide can then be related to the probability of that nucleotide's occurrence in a wild-type element This relationship can be a useful tool in predicting the presence and activity of wild-type elements (12) (13) (14) . A matrix ofnucleotide use for these selected elements is shown in Fig. 5 . For each derivative in Figs. 3 and 4 , the similarity of the selected sequence to the consensus matrix is presented in terms of liklihood scores (12) .
If random selection is a valid method for determining consensus sequences, the frequency of nucleotide use in a particular position of the selected elements is expected to be similar to the frequency found in wild-type elements. The most frequently occurring nucleotides in wild-type E.coli promoters are 1TGACA for the -35 element and IATAA:I for the -10 element (underlined positions are most highly conserved) with an optimal spacing of 17 nucleotides between the elements (4,5). All of the most highly conserved positions in the consensus for both of the randomly selected elements show the most frequent nucleotides to be the same as those from wild-type matricies. The last position of the -35 sequence and the fifth position of the -10 sequence do not agree with the most preferred wild-type nucleotide. However, in these cases the second most common nucleotide matches the most common wild-type base. No significant sequence preference was observed outside of the six bases of each element presented in the matrix. Experiments for the selection of both elements generate information about the spacing requirements between the elements. All the selected elements are located 15-19 base pairs away from the other element (Fig. 5B) . As expected the predominant spacing is 17 base pairs, correlating with the spacing for optimal expression in wild-type promoters. Thus, the major features ofE.coli promoters can be discerned by the random selection method.
The E.coli promoter elements generated by random selection yield a poor correlation between aminotnazole resistance and similarity to the consensus matrx (Figs. 3 and 4) . Some highly functional elements have poor matches to the matrx, and some good matches to the matrix are poorly functional. One trivial explanation for the poor correlation is that aminotiazole resistance is not a direct measurement of the level of transcription. Particularly in the comparisons of the selected -10 elements, differences near and at the initiation site could affect level of transcription or the stability or translatability of the RNA. This potential artifact is unlikely to affect comparisons of the selected -35 elements because the RNA initiation sites in these promoters are likely to be the same due the common -10 element and downstream sequences. Altemative causes for the poor correlation may be that elements were selected that are functioning by different mechanisms, that neighboring sequences are having a varied effect on expression, or that cooperativity exists between segments of the element.
Although a correlation between in vitro open complex formation and similarity to the E.coli promoter consensus has been established for some elements (14) , our results agree with previous experiments indicating that the relationship between promoter sequence and in vivo function seems to be more complicated (15, 16 The current definition of a consensus for a genetic element may include sequences that should be classified separately. Distinct proteins, such as ca factors in E.coli, may interact with a given element and each of these interactions may require different sequences for optimal function. If the sequences that are used by each mechanism could be defined, and a consensus for each mechanism established, the ability to predict function from sequence would be greatly enhanced.
The influence of the environment on a. genetic element could be a useful tool if multiple mechanisms are involved in expressing the same function. Using random selection, different elements might be segregated by altering conditions such as temperature, growth media or cell line during the selection to favor a particular mechanism and identify the dependence of a consensus on environmental influences.
The diversity that is created by cloning segments of degenerate oligonucleotides is of a magnitude and type that is not found in nature or by using other conventional mutagenesis techniques. This diversity and the selection from that diversity mimic the evolutionary process but may in some cases have a greater power to generate novel genetic function. A related aspect of this approach is the independence of the generated elements from the evolutionary history of a wild-type element. This history may have imposed constraints on the sequences of wild-type elements that are not directly required for function. The random selection approach allows one to study elements that are optimized for function in the current conditions of the organism.
